The purpose of this study is to develop a fatigue limit diagram for plastic rail clips. Firstly, a new fatigue limit diagram was formularized based on the mechanical properties of material and its fatigue limit under repeated load. The diagram is represented by the relationship between the mean strain and the strain amplitude. Secondly, the material of the clip was tested to obtain the accurate values of the fundamental properties that constitute the diagram. Finally, fatigue tests were carried out and the fatigue limit diagram was compared with the test results in order to check the validity of the diagram. As a result, it was concluded that the new fatigue limit diagram is available for estimating the fatigue strength of plastic rail clips.
Introduction
In Japan, rail clips are designed so as to comply with the fatigue limit diagram (Tadashi et al. [1] ). The diagram is represented by the relationship between the mean stress and the stress amplitude and is determined depending on the materials of each clip. The diagram can be used in general on the condition that the stress of rail clips under designed load is within their yield strength. However, some cases have been reported that "wire-shaped" rail clips, widely used in Japan currently, show plastic deformation during the process of fastening and in service (e.g. Yuki [2] ). The fatigue strength of these clips cannot be estimated adequately because the conventional fatigue limit diagram cannot be applied to them.
Based on the above background, the authors developed an evaluation method for the wire-shaped plastic rail clips by use of a new fatigue limit diagram. Firstly, the new fatigue limit diagram was formularized based on the mechanical properties of material and its fatigue limit under repeated load. The diagram was represented by the relationship between the mean strain and the strain amplitude. Secondly, the material of the clip was tested to obtain the accurate values of the fundamental properties that constitute the diagram. Finally, fatigue tests were carried out and the fatigue limit diagram was compared with the test results in order to check the validity of the diagram. Figure 1 shows the conventional fatigue limit diagram named Goodman's diagram. Each line of the diagram is expressed in the following equations. Elastic limit
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where, x is the mean stress; y, the stress amplitude; σ T , the true stress of fracture; σ Y , the elastic limit; σ 0.2 , the 0.2% proof stress; σ N10 7 , the fatigue limit; and σ N10 n , the fatigue strength at n cycles. The diagram shown above has been established for the evaluation of elastic materials and it cannot be applied to the plastic one. Therefore, the authors improved the diagram in terms of strain based on the elastic-plastic mechanical properties of material and its fatigue limit under repeated load.
The stress-strain curve is obtained as shown in eqn. (5) from a simple tensile test on the piece of rail clips.
where, ε is the strain; σ, the stress; and α, β, γ..., the mechanical properties of material. The relationship between the stress and the strain of the material under cyclic load (see fig. 2 ) can be described as follows:
(7) where, X is the mean strain; Y, the strain amplitude; and E, Young's modulus. Equation (6) shows that the sum of the mean strain and the strain amplitude coincides with the value, which is on the stress-strain curve. Equation (7) expresses that gradient between stress and strain under cyclic load coincides with the Young's modulus. Equations (6) and (7) hold on the condition that the material shows plastic deformation under maximum load and shows elastic deformation under cyclic load. Thus, this study deals with high cycle fatigue problem excluding the case where rail clips show progressive plastic deformation by cyclic load and break due to low cycle fatigue. The substitution of eqns. (1)- (4) into eqns (6) and (7) leads to the new fatigue diagram for plastic rail clips in terms of the mean strain X and the strain amplitude Y. For spring steel materials, the stress-strain curve can be expressed in the following equation.
where, m is the hardening coefficient. Equation (8) is based on the RambergOsgood curve (Ramberg and Osgood [3] ) which is often used for steel materials. m is determined so as to pass a given point (Rasmussen [4] ). In this study, m is determined so as to pass the tensile strength (σ B , ε B ). In such cases, the stress-strain curve by eqn. (8) is not necessarily in good agreement with the test results beyond the tensile strength. However, even in such cases, eqn. (8) can be used sufficiently because the measured maximum strain of rail clips is about 10000 to 15000 μ and is lower than the tensile strength strain. When eqn. (8) is substituted into eqn. (5), eqns. (1)- (7) can be rearranged to give the fatigue limit diagram as follows. In addition, a limit line named 'Tensile limit' is defined in eqn. (13). The allowable range of the diagram is the area under the line of eqn. (13). 
Material tests and mechanical properties
The material of the clip was tested to obtain the accurate values of the fundamental properties that constitute the diagram formularized in the prior section.
Rail clip
Rail clips type FC1503 ( fig. 3) , which have been produced by Pandrol UK Ltd, were tested to obtain the mechanical properties. The clips were produced using black bar and were austenitised using gas heating. In the previous study, it was reported that the clip shows plastic deformation during the process of fastening and under loading (e.g. Yuki [2] ).
Tensile test
A simple tensile test on four pieces of the clips was carried out (fig. 4) . The test was based on Japanese Industrial Standards (JIS Z2214). As a result, Table 1 shows the mechanical properties and fig. 5 
Fatigue test
Fatigue tests under repeated load were carried out in order to obtain the elastic fatigue strength of the clip. The tests were based on 14 S-N method (JSME [5] ). The machine was set up as in fig. 7 , so that the strain can be measured in the arch of the strain gauged clip ( fig. 8) . A variety of dynamic loads were superimposed on the applied static load 4.0kN. For the purposes of the tests, the maximum number of the cycles was ten million. As a result, fig. 9 shows the relationship between the stress amplitude and the number of cycles together with the S-N curves (failure probability: 10, 50, 90%) estimated by the staircase method (JSME [5] ). As shown in fig. 10 , the fatigue strength of the clip under reversed load was estimated on the basis of the tensile test results and the fatigue tests results. Table 3 shows the fatigue strength of the clip under reversed load. The fatigue limit and the fatigue strength at 10 6 cycles were about 400 N/mm 2 and the fatigue strength at 10 5 cycles was about 500 N/mm 2 under reversed load. 4 Fatigue test and the diagram
Fatigue limit diagram based on material tests
In order to determine the fatigue limit diagram for plastic clips, eqns. (9)- (13) were calculated using each value obtained from material tests. Figure 11 shows the fatigue limit diagram and table 4 shows the fundamental properties that constitute the diagram. Each line shown in fig. 11 indicates that there is a 50% chance of failure of the clip. 
Fatigue tests and the validity of the diagram
A number of fatigue tests on the clip were carried out and the fatigue limit diagram was compared with the test results in order to check its validity. The machine was set up as in fig. 12 . The clips were subjected to the vertical load under various conditions due to the varying dynamic load and static load. Maximum number of the cycles was one million. Strains of clips were measured by strain gauges affixed at the arch of the clip and the measurements were recorded in terms of principal strain. Strains were measured in the range of 3000 μ to 30000 μ. Test results are plotted on the diagram as shown in fig. 13 . In addition, table 5 shows the test data in detail. In fig. 13 , "Un failed" means clips which attained one million cycles and "Failed" means clips which were broken before one million cycles. As the mean strain increases, the boundary line between "Failed" and "Un failed" of the test results tends to fall and this tendency agrees with the diagram. In the elastic area, the fatigue strength of the test results, expressed in terms of strain amplitude, decreases with the increases in the mean strain and this finding agrees with the fatigue strength line (one million cycles) of the diagram. On the other hand, in the plastic area, both the test results and the fatigue strength line of the diagram show approximately the same behaviour, although the fatigue strength of the test results is about 400 μ larger than that of the diagram. The difference between the test results and the diagram can be ignored, as a matter of fact, because the difference is small and the fatigue strength is estimated on the safe side. From the above results, it can be concluded that the new fatigue limit diagram is available for estimating the fatigue strength of plastic rail clips.
Conclusion
This study examined the fatigue limit diagram for plastic rail clips. The obtained main results are as follows.
(1) A new fatigue limit diagram was formularized based on the elastic-plastic mechanical properties of material and its fatigue limit under repeated load. The diagram was represented by the relationship between the mean strain and the strain amplitude. (2) A material of the rail clip (FC1503) was tested and the accurate values of the fundamental properties that constitute the diagram were obtained. (3) A number of fatigue tests on the clip were carried out and the fatigue limit diagram was compared with the test results. As a result, it can be concluded that the diagram is available for estimating the fatigue strength of plastic rail clips.
